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Virtual reality environments have long been used in studies related to architecture
simulation. The main objective of this paper is to measure the sense of presence
that different virtual reality devices provide to users so as to evaluate their
effectiveness when used to simulate real environments and draw conclusions of
people's behaviors when using them. The study also aims at investigating, in a
quantitative way, the influence of architectural elements on the comfort of use of a
built environment, namely considering the fear of falling reported by adults while
using these architectural elements. Using a between-subjects design randomly
distributed between two experimental conditions (safe and unsafe), a set of three
studies were conducted in three different virtual reality environments using a
5-sided-CAVE, a Powerwall or a Head Mounted Display. The study shows that
immersive virtual reality devices give users a higher sense of presence than
semi-immersive ones. One of the conclusions of the study is that a higher sense of
presence helps to enhance the building spaces perceived impacts on users (in this
case the fear of falling).
Keywords: Virtual Reality, Presence, Fear of falling, CAVE, HMD, Powerwall
INTRODUCTION
Virtual reality environments are being used for more
than 20 years in studies related to architecture. Be-
sides studies focused on representation, visualiza-
tion, digital heritage, building performance, edu-
cation and design methods, Virtual reality (VR) is
used to study users’ responses to the built envi-
ronment. VR is used to simulate reality and en-
ables researchers to extract conclusions about real
lifewhile subjectingparticipants tovirtual reality sim-
ulations. When doing that, researchers aim at ob-
taining feedback about some sort of quality of space
wherever it has to do with movement and wayfind-
ing (Conroy-Dalton, 2001; Vilar andRebelo, 2008; Tail-
lade et al., 2013), emotions (Balakrishnan, Kalisperis
and Sundar, 2006), engagement and attractiveness
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(Boytscheff and Sfeir, 2007), or other responses. VR
is also often used in architecture and real estate to
engage people with the built spaces, namely archi-
tects, engineers, clients, users and others. The diver-
sity of VR devices and the different ways a virtual en-
vironment, the virtual scene actually, is presented to
experimental subjects may influence the perception.
Therefore, assessing their efficiency in simulating a
real environment is crucial to understand the results
obtained by such studies.
The study presented here follows previous ones
done by the ISTAR-IUL team. These studies of
emotions induced by architectural spaces were con-
ducted by sensing and statistically analysing the
physiological signals of users experiencing the vir-
tual environments (Dias, Eloy, Carreiro, Marques, et
al., 2014; Dias, Eloy, Carreiro, Proença, et al., 2014;
Ourique et al., 2017).
The objective of this study is to research and
measure how technology-related factors, namely
three different VR devices, influence presence. This
enables us to evaluate effectiveness of VR technology
when used to simulate real environments and draw
conclusions of people’s behaviours using it. For this,
we used the same media content with different me-
dia forms variables. This study also aims at investigat-
ing, in a quantitative way, the influence of architec-
tural elements (i.e., stairs and ramps, with and with-
out handrails) on the comfort of use of a built envi-
ronment, namely considering the fear of falling re-
ported by adults while using these architectural el-
ements. In previous studies (Dias, Eloy, Carreiro, Mar-
ques, et al., 2014), only an elderly group was tested
for the same two conditions - safe and unsafe. The
co-relation between the data from the self-reported
sensations of fear of falling and the sense of presence
enable us now to investigatewhat influence different
VR facilities can have on the perceived sensations in
a given virtual environment.
The main hypothesis considered to design this
study was, that different VR devices would produce
different senses of presence in users, namely that:
• Hypothesis 1 (H1): Immersive VR environ-
ments, namely a Head Mounted Display and
a CAVE, create a stronger sense of pres-
ence than a semi-immersive VR environment,
namely a Powerwall.
• Hypothesis 2 (H2): When the sense of pres-
ence is higher, people’s perceived fear of
falling is higher.
• Hypothesis 3 (H3): Fear of falling under unsafe
conditions is being perceived in all three VR
facilities.
Section “Related Work” of this paper gives an insight
into related work on the topics of sense of presence
and fear of falling. Subsequently, in the next section,
the experiments to investigate the hypothesis of this
study are described in more detail. Section “Results”
describes anddiscusses the results obtainedby these
experiments. The paper ends with a section of con-
clusions and addresses future work.
RELATEDWORK
Sense of Presence
The sense of presence has long been studied to as-
sess thepresenceusers feelwhen they are navigating
in a virtual environment.
According to Ijsselsteijn andRiva (2003) “as auser
experience, the feeling of ‘being there’, or presence,
is not intrinsically bound to any specific type of tech-
nology - it is aproductof themind”. Following this ap-
proach Jurnet et al (2005) investigated on the human
factors involved in the engagement of presence and
the individual differences. Nevertheless the authors
also agree, that the sense of presence a user experi-
ences when using a VR devices is influenced by user
characteristics/subjective (internal) and also by me-
dia characteristics/objective (external) (Slater, 1999;
Ijsselsteijn and Riva, 2003). Characteristics of the
medium can be subdivided intomedia form (e.g. im-
mersion, interactivity) and media content variables
(Ijsselsteijn and Riva, 2003).
For Ijsselsteijn and Riva (2003) presence in a me-
diated environment is influenced by the media form
since it “will be enhanced when the environment is
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immersive and perceptually salient, as well as when
attentional selection processes are directed towards
themediated environment, thus allowing the forma-
tion of a consistent environmental representation”.
Banos et al. (2012) compared twodifferent virtual en-
vironments, ormedia content, in order to assess if vir-
tual environments would increase positive emotions
anddecreasenegativeoneswhile ahigh level of pres-
ence was being felt. Further work of this group in-
vestigates presence between virtual and imaginary
environments (Baños et al., 2005). In this study, the
authors concluded that participants in the virtual en-
vironment had a higher degree of presence than in
the imaginary environment, and that VR helps users
to stay in the virtual environment over time although
thepresence in the imaginaryworld is not of longdu-
ration.
Measuring presence subjectively is the most
common approach taken and is usually question-
naire based (Ijsselsteijn and Riva, 2003). The two
most used presence assessment methodologies are
the ones of Witmer and Singer (1998) and of Slater,
Usoh and Steed (1994). Witmer and Singer (1998)
presence questionnaire consists of 32 questions each
to be answered on a scale from 1 to 7. Slater, Usoh
and Steed (1994) post-test subjective presence ques-
tionnaire is based on several questions all variations
on one of three topics: “the sense of being in the vir-
tual environment, the extent to which the virtual en-
vironment becomes the dominant reality, and the ex-
tent towhich the virtual environment is remembered
as a ‘place”’ (Usoh et al., 2000). All questions are also
answered on a scale from 1 to 7 being a higher score
an indication of a greater presence.
Fear of falling
Difficulties in accessing buildings are the main lim-
itation that people with impartments face in daily
life (Foster, Wenn and Harwin, 1998). People which
experience movement incapacities report that they
are afraid to be in public spaces because of disorien-
tation and the possibility of getting lost. This phe-
nomenon occurs frequently in elderly people (Fore-
man, 2005).
Falls are the most reported accident among the
eldery and their impact canbe very serious and cause
severe disabilities. The loss of the muscular strength,
of flexibility and body postures caused by getting
older are reasons for the fear of falling, even among
people never falling (Melo, 2011). Several authors
have demonstrated that this perceived fear leads to a
deterioration in the quality of life among older peo-
ple (Campbell et al., 1997; Feder et al., 2000). The
loss of independence and the attitude of avoiding
some activities are consequences related to the fear
of falling (Legters, 2002). The fear of falling is there-
fore a health problem that needs attention and can
be as serious as the falls themselves. Therefore this
fear needs to be assessed, understood and action
must be taken accordingly (Lachman et al., 1998).
Some common architectonic elements as ramps
and stairs are seen as physical barriers among the el-
derly population. Many of the falls reported in pub-
lic areas occur on stairs (Tiedemann, Sherrington and
Lord, 2007). It is reported that using stairs is one
of the most challenging activity for people over 65
years of age (Startzell et al., 2000; Tiedemann, Sher-
rington and Lord, 2007) and that a large percent-
age of people is afraid of falling when facing stairs
(Tiedemann, Sherrington and Lord, 2007). With re-
gards to ramps, studies show that the average popu-
lation walks different slants at different speeds, with
decreasing speed when the angle is higher (Patla,
1986; Kawamura, Tokuhiro and Tahechi, 1991). For
elderly people, this effect becomes even more dom-
inant. Sun et al. (1996) show that for this group the
length of a step and the speed of walking is affected
by the age, and that elderly people walk slower and
have a shorter stepwidth inmore pronounced slants.
EXPERIMENTAL DESIGN ANDMETHODOL-
OGY
A set of three studies was conducted using one vir-
tual environment, the actual scene, and three differ-
ent VR environments:
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• Study 1 was conducted at the ISCTE - Univer-
sity Institute of Lisbon (ISCTE-IUL), ISTAR-IUL
lab, Portugal, in a semi-immersive VR environ-
ment using a Powerwall;
• Study 2 was conducted at the High Perfor-
mance Computing Center (HLRS) at Stuttgart
University, Germany, in an immersive VR envi-
ronment using a CAVE;
• Study 3 was also conducted at the ISCTE-IUL,
ISTAR-IUL, in an immersive VR environment
using a Head Mounted Display (HMD).
The studies used a between-subjects design ran-
domly distributed between two experimental condi-
tions for each participant in all three VR devices. Two
test conditions were created from the same virtual
environments - a safe and an unsafe condition. For
the safe condition, a safety element (i.e. handrail)was
added to the stairs and rampspresented in the virtual
environment. For the unsafe conditions, the added
safety elements were configured to be not visible
to the participants. Between-subject analyses were
conducted to evaluate differences between safe and
unsafe conditionswithin the virtual environment (H2
and H3), and to evaluate the sense of presence re-
ported by participants in each VR environment (H1).
The dependent variable in these studies was the de-
clared fear and anxiety.
Virtual environment
To test our researchhypotheses a virtual buildingwas
designed to be used as a virtual surrounding for the
various embedded experiments. The virtual environ-
ment consisted of:
1. a first room 30m long and 5.5mwide (neutral
room 1)
2. two flights of stairs with 12 steps each (0.28 x
0.18 m) and 1.5 m wide (Figure 1a and b)
3. a second neutral room (neutral room 2) with
the same characteristics as neutral room 1
4. two flights of ramps 10m long and 1.5mwide
with a- slope of 20 % (Figure 1c and d)
5. a horizontal plane 10 m long and 1.5 m wide
6. a ramp with the same dimension as the hori-
zontal plane and with a slope of 40 % (Figure
1e, f, g and h)
7. a third neutral room (neutral room 3) with the
same characteristics as neutral room 2
Figure 1
Virtual
Environment, Left:
safe condition,
Right - unsafe
condition
The neutral roomswere added to the virtual environ-
ment in order to act as a connection between the
test spaces, where we claimed fear of falling could
exist. The virtual environment was presented to par-
ticipants in each of the three VR devices in the same
way, the speed of movement was predefined and
could not be changed by the participants. All rooms
were equally textured. For the walls we used a con-
crete texture with a rectangular frame simulating the
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concrete formwork and for the floor we used a grey
colour with a square pattern simulating tiles. Light-
ing was constant for all environments.
Methodology
The study involved 75 people who experienced
the virtual environment. The safe conditions, with
handrails, were experienced by 39 people and the
unsafe conditions, without handrails, were experi-
enced by 36 people. The same virtual environment
was presented to the participants in all three VR de-
vices: Powerwall (used by 28 subjects), 5-sided-CAVE
(used by 25 subjects), and HMD (used by 22 sub-
jects). To answer our research hypotheses, after com-
pletion of the task, the subjects were asked to an-
swer questionnaires about the perceived emotions
they felt while walking through the virtual environ-
ment and about the sense of presence using ques-
tionnaires proposed by Slater et al. (1994) and Wit-
mer and Singer (1998).
Experimental settings
For study 1, a Powerwall was used as a semi-
immersive setup. ThePowerwall displays stereoscop-
ically projected images on a 4 m x 3 m screen, while
the participants have to wear active 3D-glasses. The
observation distance (the distance between the ob-
servers’ eyes and the screen) was 3.50 m. The vir-
tual camera had a horizontal field of view (FOV) of 45°
and a vertical FOV of 33°, approximately. Participants
could navigate through the virtual environment us-
ing a joystick (Logitech Extreme 3D Pro) with a con-
stant speed of movement of 0.82 m/s = 3Km/h (Patel
et al., 2006). The virtual camera was linked to a pre-
definedpath, and theparticipants only had thepossi-
bility to move forward or backward and to stop. The
camera was also animated to simulate natural head
movement, (Dias, Eloy, Carreiro, Vilar, et al., 2014).
The Powerwall was driven by the CAVE Hollowspace
software system (Soares et al., 2010), which is fully de-
veloped and maintained by ISTAR-IUL.
For study 2, a 5-sided-CAVE was used as an im-
mersive setup. The virtual environment was stereo-
scopically projected on five surfaces, which are ar-
ranged as a cube with an edge length of 2.7 m sur-
rounding the participant. The participant has to
wear active 3D- glasses, which are continuously be-
ing tracked by an optical tracking system to calculate
the stereoscopic images for all 5-projection screen
according to the participant’s position and orienta-
tion. As a result, the participant had the possibility
to look around the scene freely. The observation dis-
tance was approximately 2.0 m. The CAVE is driven
by the software COVISE/OpenCOVER, which is devel-
oped and maintained by HLRS.
For study 3, a virtual reality headset, the Ocu-
lus Rift consumer version, was used. The Oculus Rift
has a FOV of 110o and head tracking. In this exper-
iment participants navigated through the virtual en-
vironment using a keyboard. To equalize the three
experiments, we decided for a controlled navigation
in which all participants followed the same path, on
which they could nevertheless look around in the
scene.
Participants
A total of 75 subjects participated in this study. A dif-
ferent group of participants was used for each exper-
iment. For study 1 using the Powerwall, 28 people
between 19 and 32 years old (mean age = 22.7; SD =
3.44) participated. 11navigated theVEwithhandrails
and 12 navigated the VEwithout handrails. For study
2 using the CAVE, 25 people between 26 and 58 years
old (mean age = 39.0; SD = 9.8) participated. 13 nav-
igated the VE with handrails and 14 navigated the
VE without handrails. For study 3 using the Oculus
Rift, 22 people between 20 and 64 years old (mean
age = 36.1; SD = 15.7) participated. 12 navigated the
VE with handrails and 10 navigated the VE without
handrails.
Participants of the three experiments were ran-
domly assigned to the two experimental conditions.
In study 1 and 3 participants were recruited from
ISCTE-IUL staff, students and visitors. In study 2 par-
ticipants were recruited from HLRS staff, researchers,
interns and staff. All participants were selected con-
sidering the following admission criteria: having nor-
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mal sight or using corrective lenses, do not suffer
from claustrophobia, do not suffer from dizziness.
Before the experimental test, all participants were
asked to sign a term of consent.
Experimental protocol
The same experimental protocol was used in all three
studies. The studyobjectiveswereonlypartially com-
municated to the participants, so that there was no
influence on the data collected related to the issues
we wanted to study (namely fear of falling and sense
of presence). At the beginning of the experiment,
participants were told that the main objective was
to get to know their opinion about a new designed
building. After signing the term of consent, each par-
ticipant was asked to complete a demographic ques-
tionnaire. In study 1 and 2, participants completed
the questionnaire in a separate room and were then
taken to the Powerwall (study 1) or the CAVE (study 2)
by one of the researchers. In study 3 both parts were
performed in the same room.
For the experiments, participants were signed to
one of the two experimental conditions (safe and
unsafe). Participants were instructed to navigate
through the building until reaching the end. And
by the fact that it was a controlled navigation, all
participants followed the same path. Participants
were told that the simulation would stop automati-
cally when it was finished. There was no time limit
for the participant’s interactionwith the virtual build-
ing, but the researcher could abort the simulation if
it lasted longer than five minutes. After completing
the virtual reality experience, the participants were
taken to another room (study 1 and 2) or stayed in
the same room (study 3) in which s/he was asked
to answer the post-hoc questionnaire. First, a retro-
spective was made showing images (screenshots of
the virtual environment) and for each image a ques-
tionwas asked about their feelings of safety, pleasure
and fear. Afterwards, the presence questionnairewas
completed.
RESULTS
Presence
The results on the participants’ sense of presence
were obtained by applying specific items from two
known presence questionnaires developed by Wit-
mer and Singer (1998) (WS) (Table 1 and Figure 2) as
well as by Slater, Usoh and Steed (1994) (SUS) (Table
2 and Figure 3).
Figure 2
Results of the
application of
specific items of the
WS questionnaire to
participants in the
three experimental
settings
Table 1
Results of the
application of
specific items of the
WS questionnaire to
participants in the
three experimental
settings
The following questions were asked from the WS
questionnaire:
1. How natural was the mechanism which con-
trolled movement through the environment?
(where 1 = very little and 7 = very much)
2. How quickly did you adjust to the virtual en-
vironment experience? (where 1 = very slow
and 7 = very fast)
3. How aware were you of your display and con-
trol devices? (where 1 = very much and 7 =
very little)
4. How distracting was the control mechanism?
(where 1 = very much and 7 = very little)
Higher resultsWS questions indicate a higher level of
presence.
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The WS questionnaire shows that the higher
sense of presence was perceived in the CAVE. For
question 4, the Powerwall performed better than the
other two devices. The participants reported that the
available control mechanisms used in the Powerwall
were the less distracting. The VR devices, in which
participants were more aware of display and control
devices, and therefore sensed less presence, was the
Powerwall, followed by the HMD and the CAVE at the
end. Theparticipants chose theHMDas themostnat-
ural control mechanism, followed by the CAVE. The
most impressive single result was how quickly the
participants got used to the virtual environment us-
ing the CAVE. An overall analysis of the results of the
SW questionnaire shows that the CAVE, study 1, was
theVRdevice that achievedahigher level of presence
according to WS questionnaire.
Figure 3
Results of the
application of
specific items of the
SUS questionnaire
to participants in
the three
experimental
settings
Table 2
Results of the
application of
specific items of the
SUS questionnaire
to participants in
the three
experimental
settings
The following questions were asked from the SUS
questionnaire:
1. In the computer-generated world I had a
sense of “being there”. (1 = not at all, 7 = very
much)
2. Therewere times during the experiencewhen
the computer-generated world becamemore
real or present for me compared to the “real
world”... (1=atno time, 7=almost all the time)
3. The computer-generated world seems to me
to be more like? (1 = something that I saw, 7
= somewhere that I visited)
Higher results in SUSquestions indicate ahigher level
of presence.
The higher overall result for the HMDwasmainly
caused by questions 1 and 2, and only in question 3
the CAVE was considered a higher presence than the
Powerwall.
Combining the twopresence questionnaires, WS
and SUS, the overall experiment allows the conclu-
sion that in comparison, the HMD enables a higher
level of presence (4.19 in a scale of 1 to 7) than the
CAVE (4.03) and the Powerwall at the end (4.02). In
summary, hypothesis 1 was confirmed very weakly
by WS and SUS questionnaire showing that partici-
pants reported a higher level of presence in immer-
sive virtual reality (CAVE and HMD).
Fear of falling
Participants’ perception of fear of falling was an-
swered in the questionnaire bymeans of screenshots
of the virtual environment in selected points (i.e. top
of the stairs - Figure 1a/b, top of the ramp - Figure
1c/d, beginning of the plane - Figure 1e/f, andmiddle
of the ascending ramp - Figure 1g/h). A Likert-type
scale with seven points (1 = nothing; 7 = very much)
was used to evaluate the user’s perceptions of fear of
falling. For each safe and unsafe conditions, partici-
pants were asked about their fear, safety and anxiety.
Results in Figure 4 and Table 3 show that the per-
ceived fear is lower in the safe condition than the one
in theunsafe condition. In the safe condition, safety is
perceived higher than in the unsafe condition. Anx-
iety, also as expected, is higher in the unsafe condi-
tion. All these results are the same for all three VR fa-
cilities, except for anxietymeasured in the Powerwall.
The highest value for fear appears in study 3
(HMD), which was also the study where people’s
sense of presence was the highest. This confirms Hy-
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pothesis 2. Results also show that the generally per-
ceived fear of falling in unsafe conditions is verified
for all three VR facilities, which confirms Hypothesis
3.
Figure 4
Average results
fromWS and SUS in
the two conditions
and the three
experimental
settings.
Table 3
Average results
fromWS and SUS in
the two conditions
and the three
experimental
settings.
CONCLUSION AND FUTUREWORK
The aimof the studywas to test the influenceof using
different VR devices to simulate real environments
and to draw conclusions on people’s behaviours.
The study shows that immersive VR devices give
the users a higher sense of presence than semi-
immersive devices. Another conclusion of the study
is that a higher sense of presence helps to enhance
the perceived impact of building spaces on users (in
this case the fear of falling). Although there were dif-
ferences between the three VR devices, which allow
only a moderate distinction, the study shows that all
the three facilities can simulate a virtual environment
bygivingusers the feelingof beingpresent in that VE.
At the same time, all three devices can generate the
same perception of space on users.
By contributing to the assessment of VR devices
in terms of enabling the sense of presence and the
perceived impact of building spaces on users, this
study also contributes to the debate on using VR to
simulate reality. Oneaspect that is relevant in this dis-
cussion is the level of realismneeded to simulate real-
ity in order to study space perception. Although real-
ismmay be important in some cases, which certainly
needs further investigation, this study shows that a
basic level of realism is sufficient to measure the fear
of falling. In fact, the VE was based on a well-defined
spatial geometry, treated only with grey colour and a
simple concrete texture to convey the senseof depth.
No lights, shadows or any other elements have been
added to the VE.
Limitations of the study
Although the sample used for each study was ran-
dom, there are specificities in each group that might
create some bias. One of these is the fact that the
HLRS sample was mainly constituted by the staff of
the institute, who are very familiar with VR technol-
ogy and may have a lower inclination to consider
such a simple virtual environmental as immersive.
In fact, user characteristics (e.g. needs, preferences,
past experience, age, gender) addressed by Ijssel-
steijn & Riva (2003) were not taken into account in
this study, so no conclusions can be drawn on this
subject.
The second limitation is that presence was mea-
sured subjectively using themost commonapproach
by questionnaire. A complementary objective mea-
surement of behaviours and psychophysiological re-
sponses could ideally be used in combination to
overcome the limitations of each approach (Ijssel-
steijn and Riva, 2003).
Future work
Regarding the sense of presence Ijsselsteijn and Riva
(2003) observe that “although the experienceof pres-
ence becomes more convincing as media becomes
more interactive, immersive, and perceptually real-
istic”, users also “can feel present in environments
which will not be mistaken for reality”. Following
these considerations, further investigation is needed
to assess where andwhen realism is of advantage for
architecture design and research in which the sense
of presence and the level of immersion may or may
not be required. It is our understanding that for a
large part of the architectural design process the im-
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mersive and perceptually realistic characteristics of
the VE and VR devices may not be relevant.
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